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Acute ozone (03) exposure is associated with reversible decrements in pulmonary function (1, 2) , and 03 inhalation can precipitate symptoms of lower respiratory irritation such as cough, shortness of breath, and pain with inspiration (3, 4) . Controlled chamber exposure studies have shown that 0 is associated with acute declines in lung ?unction and increased respiratory symptoms at exposure levels ranging from 80 to 400 ppb (2, 5) . Far less is known about the response of adults with more diverse demographics and fitness levels who are exposed to low-level 03 during vigorous exercise in the ambient environment. Furthermore, there are inconsistencies between results of controlled exposure and observational studies regarding the exposure-response relationship and, in particular, whether there are levels of 03 exposure below which acute health effects are not detectable.
We evaluated the acute effects of ambient 03 and concomitant fine particulate matter (PM2.5) and aerosol acidity exposures on pulmonary function in a diverse population of healthy adults exposed to (12) .
Linear regressions were modeled by ordinary least squares estimation and by methods that accounted for the potential intraclass correlation among hikers hiking on the same day (13) . In addition, two linear regression models of the percent change in each of FEV1, FVC, FEVI/FVC, FEF25-75%, and PEFR as a function of mean 03 exposure were assessed: one assuming a single slope relationship and a second assuming a piecewise relationship as a conservative approximation of nonlinearities suggested by the quintile and nonparametric analyses. For the piecewise models, an inflection point of 40 ppb mean 03 was chosen on the basis of visual inspection of the results of the quintile and nonparametric analyses (Fig. 1 ). The piecewise model took the form y=ca + R(x)(6) + 52(x-40)(1-6), (1) where y = percentage change in each pulmonary function measure, x = each hiker's mean 03 exposure, S = 1 if the mean 03 exposure was <40 ppb, and S = 0 if the mean 03 exposure was >40 ppb. An Fstatistic was calculated to test the difference between the two coefficients for 03 in the piecewise models.
Logistic regression modeling was used to assess the relationship between pollution exposures and the odds of having a greater than 10% posthike decline in each measure of pulmonary function.
Results
Study population. The study recruitment protocol (see Methods) did not assess the total number of eligible hikers; as a consequence, overall participation rates are not available. Of the 766 hikers who volunteered to participate over the 1991-1992 study period, 595 (78%) provided acceptable and reproducible spirometry data both before and after the hike. Of the balance (n = 171), 120 (70%) hikers did not return for posthike spirometry, and the remainder did not meet acceptability (n = 45) or reproducibility (n = 6) criteria for spirometry (see Methods). Current smokers (n = 19), hikers with incomplete ambient 03 data (n = 35), and hikers missing smoking status, respiratory disease histories, or other necessary covariates (n = 11) were excluded, leaving 530 hikers tested on 74 days for analysis. Of these hikers, 507 (96%) had measures Hikers excluded because of unacceptable or unreproducible spirometry, current smoking, or missing 03 or other covariates were slightly younger. More hikers were excluded in 1992. Otherwise, hikers excluded from these analyses did not differ substantially from the analysis population (Table 1) .
Airpollutant exposures. Peak 03 levels at the mountain's summit were generally seen in early morning, with minimal hourly variation during midday (Fig. 2) , a pattern seen at other high-altitude sites (6, 14) . The inverse of this diurnal pattern is typical at lower altitudes and in regions with significant local sources of 03 pollution (15) . As a result of daytime vertical mixing, 03 levels at the mountain's summit and base were very similar during the usual hiking time of approximately 0900-1700 hours (Fig. 2) 
Discussion
We assessed the effects of simultaneous exposures to ambient 03, PM25, and strong aerosol acidity on pulmonary function in an adult population with broad ranging ages and fitness levels; this has not been done in most other field studies of adult 03 exposure (16) (17) (18) , despite the fact that exposure to pollutant mixtures is characteristic of the ambient environment, which in turn affects diverse populations. The same magnitude of 03-associated declines in FEV1 was seen after simultaneous adjustment for PM2.5 and acid aerosols (Table 2 ). There were consistent, albeit diminished, 03-associated declines in FVC after adjustment for other ambient pollutant exposures (Table 2) .
Based on the average ambient 03 during exercise, the estimated effects of 03 exposure were larger than have been described in most previous field studies ( [16] [17] [18] and experimental chamber studies (1, 3) . Among the Mt. Washington hikers with mean FEVI of 4 .08 liters and mean FVC of 5.14 liters, our findings approximate declines of 106 ml and 113 ml, respectively, in each of these measures for each 50-ppb increment in mean ambient 03 level. When restricted to mean 03 exposures >40 ppb, our effect estimates were even larger ( Table 2 ). In a study of 24 male and female joggers by Selwyn et al. (16) , results were consistent with a smaller effect estimate of 20-ml dedine in FEVI for each 50-ppb increment in 03. Our results are doser to those of Brunekreef et al. (17) in their study of 23 male amateur cyclists and those of Spektor et al. (18) in a study of 30 exercising adults; their effect estimates were consistent, respectively, with 78-and 70-ml declines in FEVI and 111-and 105-ml declines in FVC for each 50-ppb increment in mean 03 concentration during exercise. Differences in dose-response modeling are unlikely to explain differences in effect estimates among field studies. Previous field studies (16-18) also used a linear dose response as the best description of the ozone-pulmonary function relationship and were conducted at ambient 03 concentrations similar to those observed on Mt. Washington.
Differences in exposure duration may explain the greater mean 03 effect estimates seen in the current study. In three previous field studies ( [16] [17] [18] , most subjects' exercise periods were less than 2 hr, compared with an average exercise period of 8 hr on Mt. (Table 3) . Although other factors contributing to the effects of 03 exposure-minute ventilation, 03 concentration pattern, and participants' ages, for example-may have increased or decreased the effect of mean 03 exposure in this setting compared with other studies, estimates of each hiker's minute ventilation were not available. Proxy measures of hike work-reaching the mountain summit, carrying a backpack, maximum self-reported pulse, or percentage of age-predicted maximum pulse-were not significant independent determinants of decrements in pulmonary function, and the interaction between each of these measures and mean 03 were not significant (data not shown). In addition, there was minimal hourly 03 variation during hiking periods (Fig. 1) , a circumstance that likely attenuates rather than enhances mean 03 effects (19) . Lastly, the hikers were, on average, older than participants in other field (17, 18) and chamber studies of 03 exposure (1-3), a characteristic associated with decreased 0 responsiveness in other studies (20) but not here (Table 3) .
Although we did not collect information on nonparticipating eligible hikers, it is unlikely that selection bias influenced the results because hikers' willingness to participate is very unlikely to have been related either to air pollutant levels or their responsiveness to pollutants. It is possible that unrecognized confounding influenced our results. However, the observed associations were adjusted for exposure to important potential confounders of the 03-pulmonary function relationship: concomitant pollutants and temperature. Humidity information was not available for these analyses, but, given the diurnal 03 pattein (Fig. 1) and moderate-tocool temperatures characteristic of the site, humidity is unlikely to have been an important confounder. In addition, positive confounding by exercise or exercise-induced asthma is unlikely to have occurred for several reasons. First, hikers with a history of asthma or severe wheeze symptoms over the previous year were no more likely than healthy hikers to hike on more polluted days (e.g., on days with 03 concentrations above the median, 6% of hikers had a history of asthma or wheeze compared to 9% of hikers who hiked when 03 concentrations were below the median; p = 0.19, data not shown). Second, the same work or exercise was performed by most participants; adjustment for the hours hiked, reaching the mountain summit, carrying a backpack, maximum self-reported pulse, or percentage of age-predicted maximum pulse did not change the estimated pollution effects (data not shown).
In general, 03-associated changes in pulmonary function are greater in natural than in controlled exposure settings (18 for example) on days with higher 03. We observed significant effects of mean ambient 03, PM2 5, and strong aerosol acidity on pulmonary function in a wilderness area designated for air quality protection (6) . Large numbers of visitors engage in prolonged outdoor exercise in this area and are thereby at risk for acute health effects related to ambient pollution exposures. Even without considering differences in individual susceptibility, the observed effect estimates are notable for having occurred among hikers exposed to hourly 03 concentrations averaging 40 ppb, a relatively low level characteristic of much of the continental United States and well below the currently operant National Ambient Air Quality Standard of 0.12 ppm (120-124 ppb) for hourly 03. Furthermore, this is the first epidemiologic study to report the effects of long-term ambient 03 exposures, which are applicable to recent revisions to the 03 standard that are based on an 8-hr average 0.08-ppm (80-84 ppb) exposure limit (29) . Physicians, public health officials, and the general public should be aware of the potential acute health impact of relatively low-level air pollutants not only among residents of urban and industrial regions but also among individuals engaged in outdoor recreation in certain wilderness areas.
